A new lytic bacteriophage Andromeda, specific to the economically important plant 41 pathogen Pseudomonas syringae, was isolated and characterised. It belongs to the 42 Podoviridae family, Autographivirinae subfamily and possesses a linear dsDNA genome of 43 40,008 bp with four localised nicks. Crucially, Andromeda's genome has no less than 80 44 hypervariable sites (SNPs), which show genome wide distribution resulting in 45 heterogenous populations of this phage reminiscent of those of RNA virus quasispecies. 46
Introduction μ l samples were taken 110 every 5 minutes for 90 minutes. One of each samples were treated with 150 μ l of 111 chloroform and both were plated on the lawns of P. syringae using the double agar overlay 112 plaque assay. Burst size was calculated by dividing the average of the values following the 113 growth phase of the curve (the step) by the average of the baseline values before the first 114 increase was observed in titre. The average of triplicates was then taken as the burst size. 115
Latent periods were taken as the point in the graph of the untreated phage extraction 116 whereby a rise in titre was observed, whereas the eclipse period was determined from the 117 chloroform treated curve. 118 119
Visualisation of localised single-strand interruptions 120
Detection of localised nicks were conducted as described earlier [2] . Phage DNA (3 DNA. Both samples were incubated for 5 min on ice and immediately analysed by gel electrophoresis (0.9% agarose). 125 126
Library Preparation and Sequencing 127
Sequencing libraries were prepared from 50 ng of phage genomic DNA using the Nextera 128 DNA Sample Preparation Kit (Illumina, USA) at the University of Cambridge Sequencing 129 Facility. A 1% PhiX v3 library spike-in was used as a quality control for cluster generation 130 and sequencing. Sequencing of the resulting library was carried out from both ends (2x300 131 bp) with the 600-cycle MiSeq Reagent Kit v3 on MiSeq (Illumina, USA) and the adapters 132 trimmed from the resulting reads at the facility. 133 134
Sequence Assembly and Bioinformatics 135
Sequencing reads underwent initial quality checking using FastQC 136 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) followed by stringent 137 trimming parameters. Reads with a Q-score < 20, containing N's, and with a final length < 138 40bp were discarded using Trimmomatic v0.32 [6] . Assembly was carried out using 139
Geneious R8 (Biomatters, New Zealand) and checked for potential misassembly by 140 comparison with output from SPAdes v3.7.0 [7]. Genome length contigs were input to the 141 scaffolding tool SSPACE to extend these in order to ensure the resolution of genome ends 142
[8]. In addition, the sequence obtained was utilised as a reference for read mapping using 143 bbmap v35.x (https://jgi.doe.gov/data-and-tools/bbtools/) and subsequent manual 144 inspection in IGV to check for potentially ambiguous regions [9] . ORFs were classified 145 using the intrinsic Artemis [10] ORF classification and GeneMark.hmm [11] followed by 146 manual inspection, ORF borders correction and verification of ribosomal binding sites. 147
Gene annotation was carried out using BLASTp, Delta-BLAST, HMMER, InterProScan 148
and HHpred [12] [13] [14] [15] . tRNAs were classified using tRNA-scanSE and Aragorn [16, 17] , and 149 rho-independent terminators were identified using Arnold [18] with an energy cutoff of -10 150 employed, following by manual inspection of the output from subsequent Mfold analysis 151 and adjustment as necessary [19] . To identify putative regulatory sequences, 100 bp 152 upstream of every ORF was extracted using an in-house script and analysed using both 153 neural network promoter prediction for prokaryotic sigma 70 promoters and Multiple EM for 154
Motif Elicitation to identify phage specific promoters [20] . Phage Andromeda assembled 155 genomic sequence was deposited to NCBI Genbank (Genbank accession number: 156
KX458241; RefSeq accession number: NC_031014). A reannotated genome of phage 157
Andromeda in Genbank format can be found in Supplementary File 1. 158
Phylogenetic analysis 160
In order to taxonomically annotate the newly isolated phage and determine its 161 phylogenetic relationships with other bacteriopahges, two conserved Andromeda proteins, 162 the single subunit RNA polymerase (RNAP, YP_009279548.1) and the terminase large 163 subunit (TerL, YP_009279565.1), were used to generate phylogenetic trees. BLASTp virion morphology characteristic of Podoviridae (Fig. 1 ). Specifically, Andromeda was 193 found to possess a capsid of icosahedral symmetry with a length of 61 nm (±1.5 nm) and 194 width of 62 nm (±1 nm) and a detectable tail structure. 195
Analysis of the growth characteristics revealed an adsorption coefficient of 1.48 x 10 -9 196 ml min -1 ( Fig. 2a ), eclipse period of 20 -25 min, and latent period of 25 -30 min (Fig. 2b) . 197
Upon completion of its infection cycle, Andromeda yields on average 70 particles per cell. 198 199
Genome Structure and Gene Regulation 200
Phage DNA was sequenced as described in Materials and Methods to a per base average 201 coverage of 2149. The assembly and subsequent analysis were conducted and these 202 revealed a linear dsDNA genome of 40,008 bp ( Supplementary File 1) . 203
The GC content of the genome is 58.23% and using cumulative GC skew analysis, the 204 putative origin of replication was found to be at 3001 bp. 46 ORFs were predicted within 205 the Andromeda genome resulting in a total coding potential of 95.1%. Six ORFs utilise 206 TTG, and 1 utilises GTG as start codons with the rest beginning with ATG. All ORFs are 207 encoded off the same strand. Analysis of the Andromeda genome by both the PhageTerm 208
[28] and Li's methods [29] revealed that this phage is terminally redundant and likely 209 utilises a headful mechanism of packaging similar to that of phage P1 (+ve strand analysis 210 (p = 1.17e-4), -ve strand analysis (p = 2.81e-6)). Based on nucleotide homology, the 211 closest relative to Andromeda is the P. tolaasii phage Bf7 [30] with which it shares 83% 212 identity across 85% of its genome ( Fig. 3 ). Of the 46 ORFs, 25 were functionally assigned 213 and are arranged within a strict modular architecture. Eight ORFs encode products 214 associated with DNA replication, recombination, and repair. In particular, the presence of a 215 single subunit RNA polymerase of T3/T7 type was detected ( 
Genetic Heterogeneity in the Andromeda Genome 250
It has previously been discovered that several members of the phiKMVviruses display a 251 high level of genome variability that is localised to specific regions [3] . This is also true in 252 case of Andromeda, which was found to possess the highest number of such variants. In-253 depth analysis of this genomic feature was conducted in order to gain insights into the 254 nature of the changes and the potential mechanisms at play. 255
Analysis of the deep sequencing data of the Andromeda genome revealed that there are 256 at least 80 positions (SNP) where nucleotide substitutions are detected with frequencies 257 ranging from 1% to 12.48%. Detailed information with respect to each variant is provided 258
in Supplementary Table 2 . Cumulative analysis of these frequencies shows that lower 259 frequency variants predominate, with a high level of tapering observed above 3% (Fig. 4) . 260
The mutations are distributed genome-wide, which is dissimilar to the pattern reported 261 previously in other phiKMVviruses where a distinct bias of SNPs distribution (e.g. in genes 262 responsible for phage adsorption) was observed [3]. On a cumulative basis however, it is 263 clear that regions of high variability are observable, which suggests either the consecutive 264 introduction of errors in a single event such as polymerase slippage, or that these 265 represent hotspots for mutation ( Fig. 4) . The exchange of a single ring base for a double ring and vice-versa is a significant change 280 and is more likely to result in an alteration at the amino acid level and indeed, one that is 281 less likely to be conservative. The predominance of transversions here explains the high 282 level of non-silent mutations observed across all codon positions and is a unique 283 occurrence not previously reported in other biological systems. The additional abundance 284 of transversion mutations may also further implicate the DNA polymerase as a responsible 285 factor in variant generation through some form of biochemical bias. This is additionally 286 supported by the presence of an insertion mutation in the Andromeda genome within 287 ORF14 ( Supplementary Table 2 ). This variant lies within an 8 base poly-G tract that may 288 have given rise to a slippage event during replication and results in a +1 frameshift and 289 truncated ORF14 product. 290
The possible involvement of the phage DNA polymerases in generation of hypervariability 291 in genomes of phiKMVviruses was discussed previously [3] . Phage Andromeda's DNA 292 polymerase is similar to those of phiKMVviruses with respect to absence of the 293 thioredoxin-biding domain; however, the genome-wide distribution of variable sites in its 294 genome suggest that different mechanisms of diversity generation might be in play in case 295 of Andromeda. 296 297
Phylogenetic relationships of Andromeda 298
Autographivirinae is a subfamily within Podoviridae, which at the time of writing included 299 several genera, with Teseptimaviruses, Drulisviruses, Friunaviruses, Przondoviruses, 300
Zinderviruses and phiKMVviruses being the largest. Certain features of Andromeda, such 301 as genomic architecture and gene order, presence of nicks and hypervariable sites in its 302 DNA, and the similarity of its gene products such as the RNA/DNA polymerases, tail 303 tubular proteins, major capsid protein, terminase subunits, and lysis machinery, implicates 304 this phage as a member of Autographivirinae, the phiKMVviruses in particular. Table 1 ). 315
Almost all the phages used for phylogenetic analyses belong to Autographivirinae (except 316
Pseudomonas phages Andromeda and Bf7 and Aquamicrobium phage P14) and infect a 317 wide range of hosts from Cyanobacteria to Pseudomonas. Reconstruction of phylogenetic 318 trees with IQ-Tree using RNAP and TerL as markers resulted in trees of similar 319 morphology ( Fig. 6a and 6b ). It can be clearly seen that Teseptimaviruses and 320
Przondoviruses cluster separately from the majority of other phages, while Andromeda 321 belongs to a loose cluster of Autographivirinae phages comprising several smaller genera 322 with only few members (e.g. Bifseptivirus -Pseudomonas phages Andromeda and Bf7, 323
Aqualcavirus -Aquamicrobium phage P14) and unclassified Autographivirinae (e.g. 324
Ralstonia phage RSB3). Although we do not intend to propose any novel classification, we 325 designate this cluster of viruses as "ExophiKMVviruses" for the purposes of discussing this 326 group and to highlight its distinctive position relative to other Autographivirnae. 327
Despite not currently being classified by ICTV as Autographivirinae, phage Andromeda as 328 well as Bf7 could be included as members of this group based on the presence of a single 329 subunit RNAP in their genomes and their position within the cluster of 330 "ExophiKMVviruses". When we analyse the gene order of representatives of each genus 331 ( Fig. 7) , we find that the "ExophiKMVviruses", despite being most closely related to 332
Zinderviruses based on sequence identity percent of marker genes, show the downstream 333 localisation of the single-subunit RNA polymerase as is typical for "true" phiKMVviruses. 334 This is a feature conserved across the group (Fig. 7) . Analysis of genome size distribution 335 of the putative Autographivirinae (Fig. 8) show that "ExophiKMVviruses" possess a 336 genome size range similar to that of other phiKMVviruses. We have shown previously that 337 phiKMVviruses such as Pseudomonas phage phiNFS lack the thioredoxin binding domain 338 in their DNA polymerases [3] that is responsible for heightened processivity and fidelity of 339
Teseptimaviruses [35, 36] . Molecular modelling and superimposition of the Andromeda 340 and T7 DNA polymerases shows the absence of this domain in Andromeda and highlights 341 another difference between phiKMVviruses and "Exophikmvviruses" in comparison to 342 Teseptimaviruses (Supplementary Figure 3) . Taken together, it seems that the 343 "ExophiKMVviruses" might occupy an interface group between the phiKMVviruses and the 
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